Grain yields in wheat can be limited by the assimilate supply (source) or by the carbohydrate demand of the grains (sink). Recently, there have been questions regarding the capability of crop models to simulate the physiology of source-sink interactions in crops; however, crop models have never been tested with source-sink manipulated data. We tested the Nwheat model with detailed measured field experimental data with treatments of manipulated source (i.e., assimilate supply), sink (i.e., kernel number), and their combinations. In general, the model could reproduce observed effects of shading before and after anthesis as well as the additional impact of halving the spikes. A 90% shading during grain filling reduced individual grain weights drastically, with the remaining yield mostly determined by carbohydrate remobilisation, which the model reproduced. The model also reproduced the decline of biomass accumulation due to shading, but was not sensitive enough to simulate the observed reduction of kernels per m 2 from a 90% reduction in solar radiation between booting and the beginning of grain filling, resulting in an overestimated grain yield. The model reproduced the positive impact of a 7% genetically increased radiation use efficiency (RUE) on growth and yield. A sensitivity analysis indicated that the yield response to increased RUE can vary among environments. The yield impact can be positive in many environments, but negative in terminal drought environments. In these environments, stimulated early growth from higher RUE can cause accelerated water deficit during grain filling and reduced yields.
Introduction
Increasing wheat productivity is needed to feed the growing world population, which is projected to reach over 9 billion by 2050 (Godfray, 2014) . This aim is especially challenging because maintaining wheat production in some regions will be difficult because of rising temperatures (Asseng et al., 2015; Gourdji et al., 2013; Lobell et al., 2012) and decreasing solar radiation (Yang et al., 2013) . Historical yield trends indicate that there was a substantial increase in wheat yields over the last decades, following the introduction of semi-dwarfing alleles into cultivars so that high inputs (e.g., N-fertilizer) could be used and lodging avoided -also called the Green Revolution in the 1970s, but initial signs show recent yield stagnation (Lin and Huybers, 2012; Ray et al., 2012) . These new high-yielding cultivars had an increased number of grains per unit area, resulting in an increased harvest index and higher yields with higher fertilizer applications. Crop biomass, solar radiation interception, and radiation use efficiency (RUE) hardly changed as a consequence of wheat breeding Sun et al., 2009) . Additionally, the current harvest index is close to its hypothetical limit of approximately 60% (Austin, 1980) in modern wheat cultivars (Foulkes et al., 2011) . As a consequence, the next quantum leap in grain yield of wheat would be driven by higher biomass production combined with optimizing the source-sink ratio (Miralles and Slafer, 2007; Slafer and Savin, 1994; Sun et al., 2009; Bustos et al., 2013) . In this context, source refers to photosynthesis capacity http://dx.doi.org/10.1016/j.fcr.2016.04.031 0378-4290/Published by Elsevier B.V. of green leaves, including formation, translocation/remobilization, and partitioning of photosynthetic products. Sinks refers to the growing capacity of organs (e.g., kernel number and grain size) to accumulate assimilates.
The rate and amount of dry matter accumulation and the growth of harvestable organs of a crop is determined by assimilate supply of green leaves (source strength) and the capacity of organs to store assimilates (sink strength). The photosynthetic capacity and storage strength of the various organs of a crop varies within the growth cycle. For cereals such as wheat, the growth cycle of organs is divided into three main phases (Kirby, 1988) : (i) development of leaves, tillers and formation of terminal spikelet (ii) stem and ear elongation, differentiation and maturation of florets and (iii) fertilization and grain growth. Alterations in source-sink balance during these phases can affect growth, and yield and yield components.
The timing of source-sink limitations will have specific impacts and vary depending on the growth stage. For instance, a reduced source (e.g. shading) between booting and anthesis will not influence the number of spikelets initiated on a spike (determined by about jointing). The floret primordia have been initiated when the flag leaf has completed growth and subsequent development of floret structures has mostly occurred (Ferrante et al., 2013; Miralles et al., 1998) . Leaf appearance and growth has been mostly completed at this stage and shoots that will abort have begun to do so by booting. Hence, a source limitation before anthesis will reduce the number of grains per unit area. Additionally, there is an established dynamic interaction between source and sink, in which the photo-assimilate demand from growing grains influences supply and vice versa. Therefore, optimizing source-sink interactions is critical to improve grain yield if more photosynthesis assimilates are transported to and fully used by the sink. Recently, Bustos et al. (2013) demonstrated that a more optimal source-sink balance can lead to step changes in yield potential of a doubled haploid (DH) population by crossing two elite cultivars in which the best DH lines out-yield both parents. Although the source-sink balance is important, little information is available about the sensitivity of the source-sink ratio under different scenarios of biomass growth, which is necessary to improve future grain yields.
Crop simulation models are widely applied in quantitative analysis of crop growth and cropping systems (Matthews et al., 2013; White et al., 2011) . Most common wheat models such as Nwheat and CERES (Ritchie et al., 1998) consider kernel number as the main determinant for yield formation. These models use empirical approaches and coefficients to determine the kernel number based on growth around anthesis. The models also consider intercepted radiation during the grain filling period and remobilisation as the main contributors to grain growth. Thus, grain yields in a crop model are simulated as a function of kernel numbers per unit area (sink) and the availability of assimilates (source); such models are source-sink co-limited.
Environmental changes affecting source-sink relations, including increasing temperature and elevated atmospheric CO 2 concentrations have different effects on main physiological processes, such as demand of grains for assimilates (sink strength) and the availability of assimilates from photosynthesis and translocation (source supply) (Uddling et al., 2008) . In addition, industrialisation-induced and geo-engineered solar dimming (change in solar radiation) as well as crop pest and disease effects can alter source-sink balances under future environmental change. For instance, climate change may severely affect the dynamics of pests and diseases and alter their geographical distribution, possibly leading to increased crop losses from reduced light interception (Gregory et al., 2009) ; most crop models do not take these scenarios into account yet.
Evaluating the capability of crop models to simulate the physiology of source-sink interactions is therefore an important step to apply crop simulation models to future challenges. These challenges include breeding (i.e. specific direct and indirect changes in source and/or sink) and environmental changes such as diming of global solar radiation (i.e., decreased source), temperature (i.e. increased or decreased source), elevated atmospheric CO 2 (i.e., increased source), and biotic stresses (i.e., reduced source and/or reduced sinks), all affecting source-sink interactions and finally crop productivity.
The aim of this study was to test the Nwheat model with detailed measured field experimental data of manipulated source (i.e., assimilate supply) and sinks (i.e., kernel number). These experiments included manipulations of source-sink interactions by reducing incoming solar radiation, using different levels of shading (reduced source), increased assimilate supply by growing cultivars with genetically increased radiation use efficiency (increased source) and reduced kernels per unit area (reduced sink).
Materials and methods

Wheat crop module
Nwheat, a crop simulation model for wheat (version 1.55) was originally developed within the Agricultural Production Systems SIMulator (APSIM), but is now used as a stand-alone model. It consists of modules that incorporate aspects of soil, water, nitrogen, crop residues, crop growth and development, and their interactions within a crop/soil system driven by daily weather data (Keating et al., 2003) . Nwheat has been tested extensively against a range of field measurements from many different environments (Asseng et al., 2001; Asseng et al., 2004; Asseng et al., 1998; Asseng et al., 2000; Asseng and van Herwaarden, 2003) . However, like many other crop models, Nwheat has never been tested with source-sink manipulated data sets.
The model simulates wheat phenology, leaf area development, light interception, biomass production and distribution within the plant organs, yield development, including translocation of preanthesis assimilates to grain and root system development, and soil-water and nitrogen dynamics . Nwheat uses seven main cultivar coefficients to simulate wheat growth dynamics during a growing season. These include vernalization requirement, photoperiod sensitivity, thermal time requirement, kernel number per biomass, kernel growth rate, maximum stem dry weight, and phyllochron interval ( Table 2 ). Vernalization and photoperiod affect phenology between emergence and floral initiation. Grain yield potential is affected by a cultivar specific parameter of kernel number per stem weight (Grno) and maximum daily kernel growth rate (Fillrate). Tillering depends on the potential final dry weight of a single stem (cultivar specific parameter (stmwt)) and total above-ground biomass. Leaf appearance is associated with thermal time and the phyllochron (phyll -a cultivar specific parameter). Potential leaf area growth is calculated in the model as: Plag = 1400 × cumph(istage) 0.6 × ti × optfr × (0.3 + 0.7 × TPSM), where cumph(istage) is the cumulative phyllochron within a growth stage, optfr is stress factor (minimum of water, nitrogen or temperature stress), TPSM is tiller number per area and ti is daily phyllochron fraction, which is a function of daily thermal time and phyllochron interval (DTT/PHINT). The potential rate of tiller formation depends on the thermal time after emergence. The number of tillers per square meter (TPSM) is calculated as TPSM = Plant population * tillering per plant.
Nwheat calculates potential daily biomass production based on radiation-use efficiency and light interception (as a function of incoming direct radiation and a diffused light component, which increases with lower radiation). The equation used in Nwheat model for simulating biomass production for a given day is: PCARB = 7.5 × IPAR × 0.6, where PCARB is the biomass production for a given day (g m −2 ) and IPAR is the intercepted photosynthetically active radiation. The daily biomass production is partitioned into five different plant parts (roots, leaf, leaf sheath, stem and grain) in different ratios depending on growth stages. From seed emergence to end of juvenile phase, partitioning of biomass is largely determined by leaf area development. From juvenile to end of vegetative growth period, partitioning to stem dominates whereas after vegetative growth until grain filling, all the biomass is assigned to stem growth and reserves for remobilisation.
Grain growth starts in the model at the beginning of the linear phase when 120 • -days (accumulated daily mean temperature >0 • C) is accumulated after the 50%-anthesis-stage and ends after the crop maturity. The number of kernels per plant (GPP) is a function of total stem weight (STMWT), the genetic paparmeter G2 and calculated in the model as: GPP = STMWT × G2. The daily grain growth (GROGRN) is calculated from the relative grain filling rate (RGFILL), the number of grains per plant (GPP), and genetic specific parameter G3 as: GROGRN = RGFILL × GPP × G3 × 0.001. Grain assimilate demand is determined from the kernel number per m −2 and grain filling rate. It is a function of the cultivar specific parameter of maximum daily kernel growth rate G3 and the number of kernels per unit area given in the model with:
where DM potisdry is the dry matter biomass demand for grain growth rate per day (g m −2 d −1 ), F TDM is user specified cultivar specific parameter of maximum daily kernel growth rate and K is the simulated number of kernels per unit area. The maximum amount of assimilates stored for potential remobilization during grain filling is set to 75% of the total above ground biomass accumulated during 150 • -days prior to grain filling. Whenever photosynthesis during grain filling exceeds grains' demand for assimilates, excess assimilates is stored temporarily in the stem and can be used latter during grain filling.
Cultivar parameters were estimated based on qualitative cultivar information and calibrated with the control treatments.
Sub-optimal temperatures and water-and N-deficits can reduce the potential growth. Potential water demand is a function of transpiration efficiency modified by vapour pressure deficit (Monteith, 1988) . Simulated plant water uptake is a function of uptake demand, root length density distribution within the soil profile, and available soil water in different soil layers. The rate of advance of rooting depth is a function of air temperature, crop water stress, and soil water content in the soil layer with the deepest roots. Vertical soil water movement is simulated with a multi-layered soil model, primarily using a cascading approach, with movement both up and down also occurring by diffusive flow. Water (deficit) stress reduces tillering, leaf area index, and photosynthesis, and enhances senescence; the largest stress from the water deficit, nitrogen (N) deficit, or heat is applied in the model. Grain yield is a function of kernel number, grain filling rate, and carbohydrate remobilization. In the model, the potential amount of carbohydrates available for remobilization to grains is defined as 75% of biomass growth between 150 • -days before grain filling to the commencement of grain filling. When grain demand of carbohydrate is not met through partitioning of daily biomass production, it is translocated from stems to meet the demand (Asseng and van Herwaarden, 2003) . The model has a potential maximum individual grain size of 55 mg applied to all cultivars.
Data sets for model testing
Two field experiments were conducted at the experimental station of Universidad Austral de Chile in Valdivia (39 • 38 S, 73 • 5 W), Chile, during the growing seasons of [2004] [2005] [2006] [2007] . Growing conditions of the study area are characterised by a rainy temperate climate without a dry sea- son (http://www7.uc.cl/sw educ/geografia/cartografiainteractiva/ Inicio/Paginas/UntitledFrameset-1.htm). Daily average temperature is 14 • C, with rainfall of 1000-1200 mm between August and March (Fig. 1 ). Soils of the study site are typical Hapludalf with high water-holding capacity (Table 1) . Spring wheat cultivar Borlaug, with the LR19+ gene responsible for a 7% increase in RUE In the experiments, sink and source limitations were manipulated through artificial shading (reduced source), using cultivar with genetically increased radiation use efficiency (RUE) (increased source), and by removing parts of the spike (i.e., halving spikes by removing all the spikelets on one side of the spike) (reduced sink). Irrigation and N fertiliser were applied to avoid any water or N limitations in these experiments.
In the 2004-2006 growing seasons, the experiments consisted of three source-sink treatments: (i) control without manipulation; (ii) reduction of the source-sink ratio by shading the crop between booting (when the head is fully developed and can be easily seen in the swollen section of the leaf sheath below the flag leaf) and anthesis with nets intercepting 50% of the incoming radiation; and (iii) increase of the source-sink ratio by halving spikes 10 days after anthesis along the rachis in both treatments (i) and (ii). This experiment also included a sink and source limitation experiment using the 7% increased RUE due to the LR19+ gene with no shading treatments.
The crop was sown on August 19, 2004 and August 24, 2005 . In both growing seasons, seed rate was 320 seeds m −2 . Plants were grown in 2 m long plots with 9 rows, 0.15 m apart. Plots were fertilized with 200 kg N ha −1 , 150 kg P 2 O 5 ha −1 and 70 kg K 2 O ha −1 and 200 kg N ha −1 . Nitrogen fertilization was split into three applications, with 70 kg N ha −1 at sowing, 80 kg N ha −1 at the start of tillering and 50 kg N ha −1 at the end of tillering.
During the 2006-2007 growing season cv. Otto was exposed to a reduction of the source-sink ratio during grain filling as described in detail by Harcha and Calderini (2014) . Three treatments were assessed, including (i) control without manipulation, (ii) shading with nets intercepting 50% between 10 days after anthesis to maturity, and (iii) shading with nets intercepting 90% of the incident solar radiation during the same period. Sowing date was September 6, and plots were 2 m long with 9 rows 0.15 m apart. Seed rate was 350 seeds m −2 . Plots were fertilized with 150 kg N ha −1 , 350 kg P 2 O 5 ha −1 and 100 kg K 2 O ha −1 at sowing and with 150 kg N ha −1 at tillering. Both experimental plots were periodically irrigated as required until physiological maturity to avoid any water shortages. Weeds were controlled by hand. Insecticides and fungicides were used to control or prevent any biotic damage.
In the 2004-2006 growing seasons, phenology was recorded using the decimal code by Zadoks et al. (1974) for booting (45), heading (55) and anthesis (65). The aboveground biomass during the crop cycle was monitored by 8 biomass sampling dates of 0.50 m in the plot to record the dry matter at beginning of stem elonga-tion, average stem elongation, booting, heading, anthesis, and three times during grain filling. At maturity, an additional sample was harvested from 1 m along the central row of each plot. Similar procedures were used in the 2006-2007 growing season, but biomass samples were harvested at 5 dates from anthesis to maturity.
In all experiments, spikes were threshed to record grain yield. Stems plus sheath, leaves, spikes and grains (when they were present) were weighed with an electronic balance (Mettler Toledo XP205DR, Greifensee, Switzerland) after oven drying for 48 h at 65 • C. Thousand grain weight was determined from three subsamples of random 100 grains and kernel number calculated as the ratio between grain yield and thousand grain weight.
Modelling RUE, halving of kernel number and shading impacts
To consider a higher RUE of the cultivar with the LR19+ gene, we increased RUE in the model by 5% for this cultivar. The halving of spike kernel number (removing of half of all grains per spike) was considered in the simulation by halving the kernel number per stem weight cultivar specific parameter (Grno).
To test if a shorter period before beginning of grain filling would better represent the simulation of kernel numbers per m −2 , the original stem growth period related to kernel number was temporally changed from start-of-stem-growth to early-booting. This temporal change gives a higher weighting of growth conditions closer to anthesis for determining kernel number per m −2 .
A temporal modification in the model for kernel number simulation closer to the beginning of grain filling was tested as an alternative to the currently modelled equally-weighted entire period between terminal spikelet and beginning of grain filling.
Incident radiation for the shading treatments was controlled by covering the plots with black nets at 20 cm above the canopy. No significant temperature effects due to the shades were detected under the shades.
Model testing
Measured soil characteristics of the soil at Valdivia (Table 1) were used in the Nwheat model. The specific experiments on radiation and spike manipulations (i.e. halving spikes) were executed with experiment-specific weather and crop management input combinations. In the weather input data, solar radiation was reduced by 50% and 90% for the simulations with reduced radiation treatments. Simulated crop growth outputs (grain yield, grain weight, kernels per m −2 , and total aboveground biomass, including end-of-season biomass) were then compared against the field measurements.
Sensitivity analysis for RUE increase
Simulation experiments with 20 years of historical weather records and five levels of RUE (control, +5%, +10%, +15%, and +20%) were carried out for contrasting growth environments, including a sand and clay soil at a medium rainfall location (Katanning); the same sand and clay soil at a low rainfall location (Mullewa) in the Mediterranean-type environment of Western Australia; a heavy clay soil at Tel Hayda, Syria in a Mediterranean environment; and a silty clay loam in the temperate maritime climate at Wageningen, The Netherlands. Locally common cultivars, sowing practices, and N applications were used at each location (N fertiliser of 100 kg N ha −1 in two applications at Katanning, Western Australia and Tel Hayda, Syria; 50 kg N ha −1 at Mullewa and 240 kg N ha −1 in four applications at Wageningen, The Netherlands). Asseng et al. (2001) Hayda, Syria, and Asseng et al. (2000) provide the data for Wageningen, The Netherlands.
Results
Source-sink ratio manipulations at pre-anthesis
When crops were shaded between booting and anthesis, measured biomass accumulation was reduced accordingly. The Nwheat model was able to simulate this reduction under 50% and 90% decreased solar radiation (Fig. 2) . A 50% reduction of solar radiation at pre-anthesis dropped observed end-of-season total aboveground biomass by 19%, and a 90% reduction of radiation decreased biomass by 30%. The simulations showed a lower impact at 50% reduction in solar radiation, reducing simulated total end-of-season aboveground biomass by 7%; a 90% decrease in solar radiation resulted in a 17% reduction in simulated biomass. The simulated grain yield was reduced by 4% and 16% respectively, for the 50% and 90% reductions in solar radiation.
The time between booting and anthesis is also critical for kernel number determination. The reduced growth during this period significantly reduced the number of observed grains per unit area, particularly in the 90% radiation reduction treatment (Fig. 3) . The simulated kernel number was decreased by 17% with 50% reduced solar radiation and by 28% with 90% reduction. The observed grain weight compensated slightly for the reduced kernel number, but grain yield was approximately halved in the 90% reduced radiation treatment. While the model correctly simulated the response to the 50% radiation reduction, it underestimated the decline in kernel number in the 90% reduction treatment and consequently overestimated grain yield. The model followed the yield and grain weight trends from the halving of the spikes (i.e., reducing kernel numbers by half), but underestimated the kernel number with the 90% reduction of radiation and therefore also overestimated grain yield in this treatment. The observed yield for halved spikes with a 90% reduced solar radiation was decreased by 60%, whereas the corresponding model simulation showed a yield reduction of 31% (Fig. 3) . Additionally, grain weight was overestimated by the model (Fig. 3) . A temporal modification in the modelling approach to the kernel number algorithm indicated that growing conditions closer to the beginning of grain filling seem to be more critical for kernel number determination than the currently modelled equallyweighted entire period between terminal spikelet and beginning of grain filling (Fig. 3) .
Source-sink ratio manipulations during post-anthesis growth
When crops were shaded during the grain filling period (from 10 days after anthesis to maturity), the observed total aboveground biomass was reduced. The model was able to reproduce this effect (Fig. 4) . The shading during grain filling reduced observed grain weight and grain yield by more than 60% in the 90% reduced radiation treatment. The model reproduced the impact of the 90% reduced shading, but overestimated the impact of 50% radiation reduction. The observed grain yield was reduced by only 3% for a 50% reduced solar radiation, whereas the simulated yield was reduced by 27% for the same amount of solar radiation. The model simulated the impact on halving the spikes well (Fig. 4) . A 50% reduced solar radiation had no observed effect, and a reduction of 90% in solar radiation resulted in a 49% lower yield than the control when spikes were halved during the grain filling period. Similarly, the model simulation showed no effect for a 50% reduced solar radiation, and a 51% yield reduction for a 90% reduced solar radiation when spikes were halved during the grain filling period (i.e., removing half of all kernels per spike). The observed and simulated yields with 90% shading during grain filling came mainly from remobilisation of carbohydrates stored before the beginning of linear grain filling; the close fit in the full spike (i.e. nothing removed from spikes) and halved spike (i.e., removing half of all kernels per spike) treatments indicates the validity of the remobilisation algorithm in the model (Fig. 4) .
Radiation use efficiency
When comparing the growth of the cv Borlaug with the LR19+ gene responsible for a 7% increase in RUE with the same cultivar but without the LR19+ gene (LR19−), biomass accumulation was enhanced in the observed cultivar with LR19+ resulting in an 8%-10% increase (Fig. 5) . The model simulation showed a very similar response to the effect of LR19+ gene with an increase in biomass by 9%-12% (Fig. 6) . While the observed kernel number increased by 11%-13% and simulated data increased by 9% with LR19+, the grain weight did not change both in the observed and simulated conditions, despite the increased source (Fig. 6) . The increased sink used the increased source without changing grain weights.
In a sensitivity analysis, RUE was increased in steps from 2% to 18% and simulated with 20 years of historical weather records from a range of contrasting growth environments. When averaged over 20 years, yield changes varied from positive to negative impacts (Fig. 7) . The impact of increased RUE is progressively negative in water-limited situations, in which stimulated early growth from higher RUE can cause increased water deficit during grain filling, resulting in reduced yields. Increasing RUE increased yields in less water-limited environments and on sandy soils where yields are often limited by biomass accumulation. 
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Discussion
Biomass growth and crop yields are strongly correlated to intercepted photosynthetic active radiation (Lázaro et al., 2010; Arisnabarreta and Miralles, 2008) . Periodically shading a crop during growth reduces the intercepted radiation and allows to explore the physiological mechanisms of source-sink interactions and their effects on crop growth and yield.
Various authors have conducted source-sink manipulation experiments to investigate the importance of this balance in wheat yield determination. Sinclair and Jamieson (2006) suggested that resource availability (e.g., assimilate supply) is the primary determinant for yield potential in wheat, while sink strength (e.g., kernel number) is the consequence of yield formation. On the other hand, most of the evidences showed that wheat is mainly source limited up to anthesis and sink or source-sink co-limited during grain filling (e.g., Beed et al., 2007; Cartelle et al., 2006; Calderini et al., 2001; Fischer, 1985; Fischer, 2008; Kruk et al., 1997; Ma et al., 1990; Ma et al., 1995; Savin and Slafer, 1991; Simmons et al., 1982) and source limited only under a low source-sink ratio (Sandaña et al., 2009; Serrago et al., 2013) .
A source limitation between booting and beginning of grain filling reduced biomass accumulation, and as a consequence, the size of the sink in terms of kernel number (Fischer, 1985) . A source limitation during the grain filling period affects the sink in terms of reducing grain size and consequently grain yields. Grain yield depends on the number of kernels per unit area (sink) and the availability of assimilate (source) to fill these grains (Zhang et al., 2010) . The period between booting and anthesis is critical in determining both kernel number and potential grain weight Fischer, 1985; Fischer, 2008) . Assimilates stored before grain-filling can contribute up to 95% to final grain weight (Asseng and van Herwaarden, 2003; Gent, 1994) ; with the 90% reduced solar radiation during grain filling, the grain yield mostly relied on stored carbohydrates, which the model correctly simulated. Shading before anthesis reduced total biomass and grain yields by affecting kernel numbers, while shading during grain filling decreased grain yields by reducing grain weight. Our result is consistent with findings reported elsewhere (see Beed et al., 2007; Borras et al., 2004; Calderini et al., 2001; Fischer and Laing, 1976; Grabau et al., 1990; Jenner, 1979; Kruk et al., 1997; Ma et al., 1995; Martinez carrasco and Thorne, 1979; Savin and Slafer, 1991; Winzeler et al., 1989) , depending on the extent and the timing of source reduction during the grain filling period (Harcha and Calderini, 2014; Sandaña et al., 2009 ). However, it should be noted that in our study, the model was not sensitive enough to simulate the observed size of kernel number reduction per m 2 from a 90% reduction in solar radiation between booting and the beginning of grain filling, resulting in an overestimated grain yield.
Halving spikes (i.e., removing half of the spikelets per spike) resulted in a reduced kernel number per unit area and a combination of halving spikes with a 90% shading (limitation of radiation to 10%) also resulted in even less kernels per unit area. The grain yield loss from the reduction of kernel number by halving spikes was only partly compensated by an increase in grain weight, indicating an additional sink limitation in the individual grains. Other studies also reported that removal of sinks does not significantly contribute to increasing individual grain weight (Borras et al., 2004; Zhang et al., 2010; Blum et al., 1988) , which was constrained by a maximum potential grain size of 55 mg in the model. While this potential maximum grain size avoided an overestimation of grain size in these situations, a constant parameter might not be a sufficient representation of possible dynamics of such maximum value. The response of grain yield to halved spikes has also been shown to be cultivar dependant (Ma et al., 1995) and likely to be associated with soluble carbohydrate dynamics (Dreccer et al., 2013; Ehdaie et al., 2006) . In general, the model reproduced these interactions, but replacing the potential maximum grain size in the model with a function considering genetic variability and growth conditions could further improve the simulations of source-sink interactions.
Many experiments have shown that grain yield of wheat is mainly determined by the sink strength (Fischer and Laing, 1976; Miralles and Slafer, 2007; Reynolds et al., 2007; Savin and Slafer, 1991) and less so by the source (Aggarwal et al., 1990; Beed et al., 2007; Borras et al., 2004; Cartelle et al., 2006; Kruk et al., 1997; Simmons et al., 1982) . However, there are genetic and environmental differences affecting the source-sink balance (Alam et al., 2008) . This has been confirmed in our study.
Increasing the efficiency in which the canopy converts intercepted radiation into new biomass accumulation (i.e., RUE) is a key process to improve crop biomass production (Hatfield, 2014; Reynolds et al., 2007) and can be used together with maintaining the harvest index to improve yields (Foulkes et al., 2011) . However, increased RUE may not always result in increased biomass and grain yield. In our simulation results, we found that the effect of increasing RUE was environment dependent. Increasing RUE has positive effects in environments where the water supply during the growing season is not limited. On the other hand, it has negative effects particularly on grain yield in terminal water-limited environments (Fischer, 1979) .
This source-sink manipulation study demonstrated that crop simulation models can be valuable tools in exploring implications of changes in global solar radiation on source-sink balance and crop productivity. Earlier studies showed that a decline in solar radiation, or global dimming (Stanhill and Cohen, 2001; Wild, 2009) , in some parts of the world such as China (Yang et al., 2013) and India (Kumari and Goswami, 2010 ) affects agricultural productivity. In addition, there is interest in manipulating global solar radiation by solar geo-engineering to reduce global warming (Irvine et al., 2014; Keith and MacMartin, 2015; MacMartin et al., 2014) . While reduced solar radiation has a direct impact on photosynthesis, reduced solar radiation increases RUE through increased diffuse light penetrating deeper into canopies (Li et al., 2014) , which is considered in the Nwheat model (Yang et al., 2013) . Therefore, crop models that simulate the impact of reduced solar radiation on RUE and source-sink interactions could play an important role in estimating the consequence of global diming due to industrialisation (Yang et al., 2013) and solar geo-engineering (Irvine et al., 2014) on crop production (Pongratz et al., 2012) . The capability of models to simulate sourcesink interactions will also be important when applying crop models for genotype-environment studies to support breeding strategies (Asseng et al., 2002) , climate change impacts from elevated atmospheric CO 2 concentrations (Asseng et al., 2004) , or when coupling other processes with crop models, such as pest and diseases that impact source and/or sinks at different times of crop growth.
Conclusions
Adequate simulations of sources and sinks in crops are critical for estimating crop-environmental interactions affecting assimilate supply, including industrialisation-induced and geo-engineered solar dimming, genetically and atmospheric CO 2 increased RUE, and other manipulations of source and/or sinks (e.g., possible pest and disease impacts). We tested the Nwheat model with detailed measured field experimental data with treatments of manipulated source (i.e., assimilate supply), sink (i.e., kernel number), and combinations of them. In general, the model reproduced observed effects of reduced radiation before and after anthesis, as well as the additional impact of halving kernel number per unit area. The model captured the positive impact of increased radiation use efficiency (RUE) on observed growth and yield accurately. However, the model was not sensitive enough to simulate the observed size of reduction of kernels per m 2 from a 90% reduction in solar radiation between booting and the beginning of grain filling, resulting in an overestimated grain yield. Model routines for simulating kernel number set and potential maximum grain size need improvements.
